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Introduction and Context 
 
The California biomass power industry must find ways to become more competitive as it 
faces a continuously evolving electricity market.  At the same time, California will soon 
need large quantities of ethanol fuels in order to phase out the use of the water-polluting 
fuel additive MTBE from motor vehicle fuels.  Co-location of biomass ethanol plants 
with the existing biomass power plants in California has the potential to reduce the 
production costs for both facilities.  Ethanol production facilities can also be co-located 
with coal-fired power plants in other regions of the country to gain some of the same 
benefits, as MTBE is phased out of use nationwide.   
 
This report describes the results of an analysis of the generic economic feasibility of co-
locating ethanol production facilities with California biomass power plants, and with 
coal-fired power plants in the Southeast.  A proforma engineering and financial model 
was developed to analyze co-located ethanol production facilities and biomass or coal-
fired power plants, both as separate, side-by-side commercial enterprises, and as 
integrated operations.  Facility descriptions and specifications are developed for reference 
biomass and coal-fired power plants, and for both acid hydrolysis and enzymatic-
hydrolysis ethanol production technologies.  The reference facilities are then combined in 
a variety of configurations, and a series of economic studies are performed and described. 
 
 
MTBE phaseout and the market for ethanol in California 
 
The Clean Air Act Amendments of 1990 established a two-percent oxygenate standard in 
motor fuels for regions of the country that have persistent air pollution problems.  
Virtually all of California was subject to the requirements to use reformulated motor fuels 
(RMF), and RMFs have been used in the state for over a decade.  This program, 
combined with a number of other measures aimed at a variety of air pollution sources, 
has produced noticeable air quality improvements in many parts of the state. 
 
There are two principal fuel additive candidates that can provide the oxygenate content 
requirement of RMF: ethanol, and MTBE.  Ethanol fuels are produced in large quantities 
in the US Midwest, which is the heart of the nation’s grain belt.  California gasoline 
blenders, who are located far away from the Midwest, chose MTBE as the low-cost 
oxygenate additive.  No commercial ethanol fuel production facility has been built in 
California, and very little ethanol-blended fuel has been marketed in the state. 
 
While RMF fuels containing MTBE have been an air-pollution success in California, 
MTBE has been discovered to be causing widespread contamination of groundwater 
resources.  In response to this threat Governor Gray Davis, in one of his first major 
actions as the then new governor of California, issued an Executive Order in March 1999 
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to phase out the use of MTBE as a fuel additive in the state by the end of 2002 (the 
deadline has since been extended by one year to the end of 2003). 
 
California has two options open to it in replacing MTBE.  One option is to use ethanol to 
meet the oxygenate requirement of RMF.  The other option is to obtain a waiver of the 
oxygenate requirement from the USEPA, allowing RMF to be produced with an oxygen 
content below 2 percent, but which otherwise provides equivalent environmental 
performance to oxygenated gasoline.  In order to avoid the market shock that might result 
from total reliance on ethanol fuels, California applied for a waiver of the federal 
oxygenate requirement for RMF.  At the same time, the state began preparing for the 
possibility that it would have to procure as much as 600 million gallons per year of 
ethanol fuels.  That possibility became stronger when the EPA formally denied 
California’s waiver request in June 2001. 
 
California is considering an appeal of the EPA waiver denial.  At the same time, federal 
legislation to ban MTBE nationwide is moving through the senate (S950) that would 
allow state governors to waive the oxygenate requirement as long as non-oxygenated 
fuels meet the same standards as oxygenated fuel.  At the same time, a recent agreement 
in principle between farmers and oil producers would establish a national renewable fuel 
requirement for all motor fuels.  The future of all of these efforts is highly uncertain, but 
in any event there is little doubt that California will soon become a major market for 
ethanol fuel. 
 
California has two basic choices for the procurement of ethanol fuels, in-state production, 
or importation.  At the present time ethanol fuels are not produced commercially in the 
state.  Moreover, although the state is a major producer of agricultural products, its 
agricultural infrastructure is not oriented to the type of bulk grain production that 
provides the feedstock for alcohol fuel production in the Midwest.  The state does have 
large amounts of biomass resources in the form of cellulosic residues that potentially 
could be converted into ethanol fuels, but the technology that is needed to convert 
cellulose into ethanol is not as advanced as that used for the conversion of grains. 
 
Several project proposals are under development in California for new, commercial 
ethanol production facilities.  Feedstocks under consideration for these projects include 
both wood residues, and agricultural residues such as rice straw.  Ethanol production 
from biomass resources will have to compete with ethanol produced from grain in the 
Midwest and imported into California.  Ethanol production from biomass is inherently 
more expensive than ethanol production from grain, because cellulose requires more 
extensive pretreatment prior to fermentation.  On the other hand, biomass residue 
feedstocks are less expensive than commodity grains, and locally produced fuel does not 
have to be transported halfway across the country.  In addition, the collection and use of 
biomass residues for ethanol production reduces the air pollution associated with the open 
burning of these materials that is the current disposal practice for most of them.  Thus, a 
great deal of interest has been focused on ethanol fuels production in California. 
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The California biomass power dilemma 
 
California has long been a catalyst and innovator in the development of renewable energy 
sources.  Strong state incentives for renewable energy development were enacted during 
the early 1980s to match the then available federal incentives.  These incentives, 
combined with favorable market conditions, led to the development of more than sixty 
biomass electricity-generating facilities in the state, as illustrated in Figure 1.  Biomass 
fuels were produced from traditional sources such as residues from sawmills and food-
processing plants, and from new sources such as urban wood residues diverted from 
landfill disposal, and orchard prunings diverted from open burning.   
 
At its peak the California biomass energy industry produced almost 4.5 billion kWhs per 
year of electricity, and provided a beneficial use outlet for more than 10 million tons per 
year of the state’s solid wastes.  The peak, however, occurred during the early 1990s, as 
shown in Figure 2.  During the second half of the decade a quarter of the biomass energy 
facilities agreed to buyouts of their power sales contracts and terminated operations.  
Many of the remaining facilities reduced their operations during off-peak hours when fuel 
costs exceeded power rates.  By the end of the decade biomass fuel use had dropped by 
more than a third from peak levels reached early in the decade.  Moreover, the long-term 
future of the industry in a newly deregulating marketplace was very much in doubt.  
Biomass facility operators were searching for new approaches that would allow them to 
continue to operate.  The concept of ethanol facility co-location was one that several 
facilities began to pursue.   
 
The California electricity market experienced a crisis of major proportions beginning in 
the summer of 2000.  As shown in Figure 3, wholesale electricity prices went through the 
roof, and the state’s operating biomass facilities began to ramp up their operations.  
Conditions began to look so promising for electricity generators that many of the biomass 
facilities that had been shut down during the 1990s began preparations to restart and 
resume operations.  As 2001 began wholesale electricity prices were consistently in the 
mid-teens (cents per kWh), biomass fuel prices were at levels never before experienced, 
and generators were earning unprecedented profits.  Thoughts of pursuing ethanol co-
location projects were put on hold. 
 
The system itself, however, was in a mode of rapid self-destruction.  The utilities began 
to default on their payments to generators for purchased power.  The California power 
exchange was shut down, and the state had to step in and become the major power 
purchaser in the state.  By the middle of the year an unusually cool summer, combined 
with a variety of other circumstances, had combined to bring wholesale electricity prices 
back down to pre-crisis levels.  Biomass power generators once again were in a pickle.  
They were owed large sums of money by a bankrupt utility, and once again they were 
being paid revenues that were not sufficient to cover their costs of operations.  Many of 
the restarted facilities were in a particularly difficult position.  They had invested 
significant sums of money in the process of refurbishment and restarting, while 
negotiating in good faith with the state for long-term power purchase agreements that 
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were to provide them with fixed prices for periods of five to ten years.  Many obtained 
letters of intent, but for a variety of reasons the state never finished the contracting 
process, leaving these facilities with full exposure to the risk of being limiting to selling 
in the short-term market.  Once again, California’s biomass power plants are interested in 
exploring the potential of ethanol production co-location as a means to provide a stable 
environment for their continued operations. 
 
 
Ethanol production from cellulosic biomass 
 
Yeast has been used since biblical times to ferment starch and sugars to ethanol.  Most of 
the world’s commercial fuel ethanol production is based on the fermentation of these 
types of materials.  The production of fuel ethanol in the US is based on the fermentation 
of grains (starch), while fuel ethanol production in Brazil is based on the fermentation of 
sugars from sugarcane.  In both cases the feedstocks are themselves major agricultural 
commodities, and the fuel-production process produces valuable agricultural co-products, 
the production of which is as fundamental to the enterprise as the production of ethanol 
fuel.  Ethanol fuel production from corn, for example, is part of a greater enterprise that 
includes the co-production of agricultural products such as corn oil, sweeteners, and 
animal feeds.  Ethanol production from sugarcane involves the co-production of molasses 
and bagasse, which is used as a fuel. 
 
Grain and sugars are easy to prepare for fermentation.  A fermentation broth is prepared, 
then inoculated with yeast.  The yeast convert simple sugars in the broth into ethanol and 
carbon dioxide.  Ethanol is recovered from the broth using distillation technology.  Solids 
are recovered and used for animal feed and other products. 
 
Yeast and most other fermentative organisms that convert sugars into ethanol are unable 
to act directly on cellulose, a common form of carbohydrate in most biomass residue 
materials.  Cellulose and hemicellulose account for two-thirds to three-quarters of the 
carbon content of wood and agricultural residues.  The remaining carbon in biomass is 
mainly in the form of lignin, which is highly resistant to hydrolysis and fermentation.  In 
order to ferment cellulosic biomass into ethanol fuel, it first necessary to separate the 
cellulose and hemicellulose from the lignin, and to break the carbohydrates down into 
simple sugars.  The lignin can be recovered and used as a fuel in the production process.   
 
Two major approaches are being developed to covert cellulosic biomass residues into 
fermentable ethanol feedstocks.  The approach that has been under development for the 
longest period of time is the use of acid hydrolysis to convert cellulose into sugars.  The 
approach that appears to offer the highest conversion efficiencies and lowest production 
cost is enzymatic hydrolysis.  Both approaches produce significant quantities of lignin as 
a byproduct of the production process.  The major use for lignin is as a biomass fuel.  
However, biomass boilers are expensive pieces of equipment, and entail significant 
operating costs as well. 
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The confluence of a massive new demand for ethanol fuels in California, combined with 
the existence of a large and ailing biomass power production industry, have led many to 
surmise that co-locating ethanol production facilities with existing biomass power plants 
could provide significant benefits for each enterprise.  Co-location would allow 
substantial capital cost savings for the ethanol production enterprise, which would not 
have to install its own steam and power generating equipment.  Biomass handling and 
storage facilities, as well as other capital equipment, might also be able to be provided by 
the existing biomass power plant.  In addition, the two facilities could share operating 
costs, resulting in additional savings.  The biomass power generators are interested in the 
arrangement because they know that their future as stand-alone operations is highly 
uncertain, and they view the ethanol producer as a stable alternative market for some of 
the energy they produce. 
 
 
 
Pro Forma engineering and financial model 
 
In order to analyze the financial impacts of co-location on the economics of ethanol 
production, a detailed pro forma engineering/financial model was developed as a key part 
of this study.  The model is built around a proprietary proforma model for a biomass 
cogeneration project that includes a heat balance optimization routine for the steam and 
power systems.  Major additions and modifications were added to the model to adapt it to 
the co-location scenario, in which an ethanol production facility is co-located with either 
an existing biomass or coal-fired power plant.  The ethanol operation obtains its steam 
and electricity requirements from the power plant, while the power plant obtains fuel, in 
the forms of lignin and biogas, from the ethanol production facility.  Other connections 
between the co-located operations are also possible, such as shared facilities and 
operations. 
 
The model includes separate pro forma balance sheets for the ethanol production 
enterprise and the host-facility power production enterprise.  The model performs a full 
heat and materials balance for the power generation cycle, allowing the effects of a 
variety of fuel mixes to be analyzed, including biomass fuels, biogas, lignin, and coal.  
The model allows a variety of financial and technical variables to be studied, and project 
configurations to be explored. 
 
The pro forma model is an excel-based spreadsheet model consisting of twelve 
interconnected worksheets.  The first three pages present financial statements for the 
ethanol production enterprise, the power production enterprise, and the combined 
operations of the two.  All of the input data needed to run the model are entered into the 
final nine pages.  All of the cells in the model that contain input data are red.  Only red-
colored cells should be manipulated by a model user.  Table 1 summarizes the twelve 
worksheet pages that constitute the model.  The appendix to this report contains a 
complete printout of the model’s output. 
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One of the special features of the model is that it allows the two enterprises that are 
included in the analysis, cogeneration and ethanol production, to be fully decoupled.  Part 
of the motivation for performing this study is to explore the synergies of co-locating an 
ethanol production facility with existing biomass power plants.  The model provides for 
the two enterprises to have separate start-up schedules and separate operating schedules.  
It also allows either of the facilities to be examined as standalone, non-coupled facilities.  
Dates and schedules for each enterprise are entered in the Capital worksheet. 
 
One of the potentially interesting synergisms that may be obtained from co-location is 
that the lignin fuel that would be supplied from the ethanol process to the power plant 
boiler may be superior in quality to the power facility’s regular biomass fuels.  The pro 
forma model can handle a mixture of up to six different fuels, each with its own unique 
characteristics in terms of composition, heat content, and moisture content.  Fuel-related 
data are entered in the model in two pages, Biomass, and Ht Bal.  The way the model 
works is that the user enters annual fuel-use data for all fuels under consideration except 
for the first listed fuel.  The user enters estimates for the annual quantity of this fuel that 
will be used both before and after co-location.  As long as the estimate is within a factor 
of two of the actual amount needed, the model will be able to calculate that amount.  
 
The final page of the model, titled heat balance, performs a complete heat and materials 
balance for the power-generation cycle of the combined operations.  This worksheet is 
programmed to determine the fuel use requirements of the power cycle for a variety of 
time-of-use segments of the year (e.g. summer peak, winter off-peak).  The heat balance 
calculation for each time period is an iterative process, which takes into effect the heat 
content and moisture value of each fuel that is in the mix.  The model determines the 
amount of the first listed fuel that is needed to provide the boiler with the energy input 
necessary to serve the demand for steam, given the amounts of each of the other fuels that 
have been specified by the modeler. 
 
 
 
Cellulosic Fermentation Technology 
 
The technology for converting sugars into ethanol is well known, and commercially 
proven.  Sugars are easily extracted from sugar and grain crops, and these types of 
feedstocks are the basis for virtually all of the world’s fuel ethanol production.  However, 
these types of feedstocks are important agricultural commodities, and carry a high price 
tag.  Cellulose derived from waste and residue resources is available for much lower cost.  
Cellulose can be converted to ethanol by first converting the cellulose to sugars, and then 
applying conventional fermentation technology.  Two different approaches are under 
consideration for cellulose conversion: acid hydrolysis, and enzymatic hydrolysis.  Acid 
hydrolysis technology is a near-term commercial option, while the commercialization of 
enzymatic hydrolysis technology is further in the future.   
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Experience with ethanol production technology in the Midwest has demonstrated that the 
process benefits from significant economies of scale.  Facilities producing fifty million 
gallons of ethanol annually from grain crops are not uncommon.  However, this scale of 
operation would not be well suited for a cellulose-conversion facility using waste and 
residue sources of biomass.  Producing fifty million gallons per year at a cellulose-based 
conversion facility using dilute acid technology would require 750,000 - 950,000 bdt per 
year of feedstock based on the technology specifications developed for this report (see 
below).  Enzymatic conversion technologies would require 650,000 - 700,000 bdt per 
year of feedstock.  Yet the largest biomass power facilities in the world, which also 
benefit from significant economies of scale, use less than 400,000 bdt per year of fuel. 
 
Fuel-procurement considerations for waste and residue forms of biomass represent a 
distinct diseconomy of scale, and cellulosic residue-based ethanol production facilities 
are likely to be significantly smaller than grain-based ethanol facilities. For purposes of 
this report, we developed base-case and optimistic-case configurations for both dilute 
acid and enzymatic fermentation, for facilities sized to process 550 and 1,100 bdt per day 
of biomass.  The amount of biomass feedstock needed to supply a 550 bdt per day 
ethanol facility, 180,000 bdt/yr, is approximately the same as the quantity needed to fuel 
a 25 MW standalone biomass power plant.   
 
 
Current technology: acid hydrolysis 
 
The use of acid to convert cellulose to extractable sugars has long been know and 
practiced.  Classic industrial acid-hydrolysis technology uses dilute (one percent) sulfuric 
acid under high temperature and pressure to free cellulose from other biomass 
components such as lignin, and hydrolyze it into simple sugars.  Dilute acid hydrolysis 
technology is the technology of choice for most of the commercial cellulose-to-ethanol 
projects that are under development in the U.S. today.  Sulfuric acid remains the acid of 
choice, although a promising process based on dilute nitric acid is currently under 
development shows promise of achieving substantially reduced capital and operating 
costs. 
 
One of the problems with dilute acid hydrolysis is that the process does not end with the 
production of the sugars.  As the reaction continues, sugars degrade into smaller 
compounds, such as furfurals, which are not only unsuitable ethanol feedstocks, but may 
actually inhibit the subsequent fermentation process.  Typical dilute acid technology 
produces sugar yields of approximately fifty percent of theoretical  (Graf and Koehler, 
2000). 
 
Recent development of dilute-acid hydrolysis technology has led to a two-stage process 
in which hydrolysis of the cellulose and hemicellulose are largely separated, resulting in 
smaller losses to due to breakdown of the sugars.  The separation of the process into two 
stages also facilities the subsequent fermentation process, because the fermentation of the 
pentoses, which are the product of the hydrolysis of hemicellulose, involves different 
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organisms than the hydrolysis of the six-carbon sugars that are derived from cellulose.  
The base case acid-hydrolysis technology used in this report is based on the two-stage 
dilute acid hydrolysis process.  Process yields are in the range of 50 - 60 gal/bdt of 
feedstock. 
 
An alternative approach to acid hydrolysis involves the use of concentrated (e.g. seventy 
percent) sulfuric acid at lower temperature and pressure than used in the dilute-acid 
process to convert cellulose and hemicellulose to sugars.  The process is carried out in a 
two-stage configuration, separating the hemicellulose and cellulose hydrolysis steps. 
Concentrated-acid hydrolysis produces higher yields of sugars due to much reduced rates 
of subsequent sugar degradation.  The challenge is to find economical methods to recycle 
the acid, and neutralize the substrate prior to fermentation.   
 
 
Future technology: enzymatic hydrolysis 
 
An alternative to acid hydrolysis that has the potential for considerably higher sugar 
yields at lower production cost is enzymatic hydrolysis.  In the enzymatic approach 
cellulase enzymes instead of acids are used to hydrolyze cellulose and hemicellulose into 
sugars.  Recent innovations in molecular biology have opened up the field of enzymatic 
hydrolysis by increasing the range and productivity of cellulase enzymes.  Enzyme 
production is a key component of the process, and has a major influence on process 
economics.   
 
Pre-processing of the biomass feedstock is used to make the cellulose and hemicellulose 
parts of the feedstock accessible to the enzymes.  This usually involves both mechanical 
processing and dilute acid hydrolysis (much less severe than the dilute acid hydrolysis 
used in non-enzymatic systems).  The enzymatic hydrolysis and subsequent fermentation 
processes can be run simultaneously in a single reactor, or separately.  Simultaneous 
saccharification and fermentation has the advantage of fewer steps and vessels, while the 
two-step approach allows optimization of each process under different conditions. 
 
Enzymatic hydrolysis technology shows considerable promise, but its commercial 
application is further in the future than acid hydrolysis technology.  NREL, a leading 
research center for the technology, estimates that it will be at least five years before 
enzymatic hydrolysis technology will begin to be available for commercial applications.  
Enzymatic hydrolysis is expected to be able to produce yields of 75 gallons or more of 
ethanol per bdt of biomass feedstock (Wooley et. al. 1999, Unnasch et. al. 2001). 
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Base case project configurations 
 
Ethanol production involves several major processing operations, including: 
 

• Biomass receiving, storage, and handling 
• Feedstock preparation and hydrolysis 
• Fermentation 
• Separation and materials handling 
• Distillation 

 
Co-location of an ethanol production enterprise with an existing biomass or coal power 
plant allows the ethanol production operation to share some major capital facilities with 
the host operation, most importantly the boiler and power generating equipment.  Co-
location with a biomass plant also allows for shared materials procurement, as well as 
shared on-site storage and handling of biomass and lignin.  The capital cost estimates 
developed for the base case ethanol production enterprises considered in this study 
assume that all energy production is done at the existing host facility, so new solid-fuels 
boilers and turbine generators are not included in the plans.  Shared materials 
procurement and handling are also included for facilities co-located with biomass power 
plants.  Other shared facilities such as water supply and water treatment are possible. 
 
Table 2 summarizes the specifications that define the base-case ethanol production 
facility configurations considered in this study.  The data for the base cases for each 
technology, and the optimistic case for ethanol, were supplied by NREL.  The data for the 
optimistic acid-hydrolysis case were extracted from a study by Merrick and Associates 
(Merrick, 1999).  For each case, a data set is constructed for facility sizes of 550 bdt/day, 
and 1,100 bdt/day.  A 550 bdt/day facility consumes approximately the same amount of 
biomass as a 25 MW standalone power plant operating in base-load mode, and produces 
approximately 10.0 - 12.5 million gallons of ethanol annually. 
 
The final line in the table, ethanol price $/gal, shows the calculated plant-gate selling 
price that is required for the ethanol facility to return a twenty-percent return on equity 
investment, for a facility funded with 75 percent commercial debt, and 25 percent equity.  
The values shown are based on sales of products between the enterprises at full avoided 
costs, based on market rates.  In effect, this price can be interpreted as the total cost of 
ethanol production for the operation, including capital, feedstock, and operating cost 
components.  Further details of the calculation of required ethanol selling price are 
discussed in the following sections. 
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Co-Location with Existing Biomass Facilities 
 
California market context 
 
Since this project was initially conceived almost two years ago the energy outlook in 
California and across the US has changed dramatically.   At the time this project was 
conceived wholesale energy prices were low, and had been fairly constant for more than 
a decade.  California’s 600 MW of biomass power plants were able to operate only 
because of a temporary production credit of 1.5 ¢/kWh that was being funded by a public 
purpose assessment on utility bills.  Biomass generators faced an uncertain future, and 
were actively searching for a long-term solution to their dilemma.  At the same time the 
governor of California had announced a policy of phasing out MTBE from gasoline, 
which would create a huge new demand in the state for fuel ethanol.  Many energy 
experts saw a potential opportunity to solve two problems at once by co-locating ethanol 
production facilities in California with existing biomass power-generating facilities.  If 
co-location could enhance a biomass power plant’s overall operations, then the biomass 
energy industry was actively interested. 
 
California experienced an energy crisis that began in the summer of 2000.  Due to a 
variety of factors, including natural gas shortages and supply bottlenecks, low reservoir 
levels in the Pacific Northwest, and a variety of possible market manipulations, wholesale 
electricity prices in the state suddenly shot through the roof (see Figure 3).  By the end of 
2000 biomass power generators were scrambling for fuel supplies and firing at full 
throttle.  Short-run avoided costs had reached unimaginable levels, and prices on the 
state’s power exchange were higher still.  This impossible situation led to the rapid 
demise of the state’s investor-owned electric utility companies, and left California in the 
middle of a full-fledged energy crisis.  To add further fuel to the fire, the federal EPA 
denied California’s request for a waiver from the federal oxygenate standards for motor 
fuel, virtually ensuring future ethanol shortages in the state if the MTBE phase-out 
program goes forward on schedule. 
 
The result of all of these dynamics as it relates to this study is that the entire outlook for 
the future of energy markets in California has gone through almost unimaginable 
machinations since this study began.  At the present time wholesale electricity prices 
have returned to pre-crisis levels, and once again many of the state’s biomass generators 
are looking for new approaches, such as co-location, to support their operations.  Indeed, 
the situation is worse in some ways than it was before the onset of the energy crisis, 
because now approximately 100 MWs of previously idle biomass power generating 
capacity have resumed operations, but have no stable market for their power.  At the 
same time California is trying to figure out how to cope with the recent EPA waiver 
denial, and the development of an in-state ethanol production industry is a high priority.  
Ethanol co-location continues to be a very pertinent opportunity for the state of 
California. 
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Reference biomass facility configurations 
 
California’s fleet of 45 existing biomass power plants includes facilities sized from less 
than one MW to three that are 50 MW.  Thirty-five of the facilities currently are 
operating, while ten are shut down.  Ethanol co-location opportunities will be limited to 
the larger biomass facilities in order to take advantage of the economies of scale that are 
necessary to make for a commercially successful ethanol production enterprise.  The host 
facility must be large enough to be able to handle the large quantities of lignin fuel that 
will be produced during the ethanol production process, and to supply the amounts of 
steam and electricity that are required for ethanol production.  For purposes of this study, 
we have selected two reference biomass facility sizes: 25 MW and 50 MW.  The 25 MW 
facility is large enough to host a 550 bdt per day ethanol production facility, while the 50 
MW facility is large enough to host a 1,100 bdt per day ethanol production facility.1  
Fourteen of California’s biomass power plants are in the relevant size range to be 
considered reasonable potential co-location host sites (> 20 MW), while another nine are 
marginally big enough (15 - 20 MW) to merit consideration. 
 
Table 3 shows the specifications that define the reference 25 and 50 MW biomass power 
plants.  For analytical purposes it is assumed that the facilities are fully amortized and 
approximately ten to fifteen years old, and that their capital recovery requirements are 
approximately sixty percent of the amount that would be associated with a new facility of 
the same specifications.  The biomass facilities are assumed to burn a fifty-fifty mixture 
of sawmill residues and in-forest residues, and currently operate as standalone electricity 
generators, selling their output to the grid, either through an old standard offer power 
purchase agreement, or into the short-term energy market. 
 
Co-location hosts must meet two key criteria.  First, they must have steam turbines with 
suitable extraction points, or turbines that can be equipped with suitable extraction points, 
in order to be able to operate in the combined heat and power mode that will provide 
steam to the ethanol production operation.  Second, they must have combustors that can 
handle a high percentage of their fuel input in the form of lignin, which is lower in bulk 
density than conventional biomass fuels.  California has a number of potentially suitable 
host sites for ethanol co-location project, several of which have already begun to explore 
the potential for co-location hosting on their own.  NREL supported an engineering study 
for a co-location project at the Martell biomass plant in Amador County ().  BCI has been 
pursuing ethanol projects in conjunction with two California biomass facilities, Collins 
Pine, in Plumas County, and Pacific Oroville Power, in Butte County.  The Collins Pine 
project would convert in-forest residues to ethanol, while the Gridley project with Pacific 
Oroville would use rice straw as a feedstock. 
 
 
 
 
                                                 
1 These pairings lead to a boiler fuel mix for the existing combustor that is more than 60% lignin.   This 
may present technical challenges for existing equipment, but that is beyond the scope of this study. 
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Financial Performance of Biomass Reference Facilities 
 
Under normal circumstances, electricity generation in standalone biomass power plants is 
expensive compared to conventional alternatives such as fossil-fuel-fired generators.  
This unfortunate but inherent property of biomass power production presents a perpetual 
challenge to the industry.  Biomass power production also provides valuable, 
demonstrated environmental benefits to society (Morris, 1999, Morris 2000).  These 
benefits, which have a greater value than the electricity itself, make the preservation of 
the biomass industry a legitimate mater of concern for public policy.  If co-location of 
ethanol production facilities with existing biomass power plants offers even a part of a 
long-term solution to the economic dilemma faced by the biomass power industry, then 
the industry is interested in participating. 
 
In order to determine the extent of the co-location benefits for a potential host-site 
facility, it is necessary to establish a baseline for the power plant’s expected future 
operations as a standalone facility.  For analytical purposes we have established baseline 
economic performance data for the two reference biomass power plants, under several 
different wholesale electricity price scenarios for sales of electricity into the grid.  
California currently has 35 operating biomass power plants, of which 19 are standalone 
generators, and 16 already operate in a combined heat and power mode.  The facilities 
have a variety of types of power sales arrangements, ranging from standard-offer power-
purchase agreements written in the 1980s to facilities that are operating as merchant 
plants, selling power into the short-term energy market. 
 
Most of the California biomass facilities that are operating under old standard-offer 
power-purchase agreements before the electricity crisis hit the state in the summer of 
2000 were selling electricity at short-run avoided cost rates (SRAC) that were in the 
range of 2.0 - 3.0 ¢/kWh.  As prices at the California Power Exchange (PX) soared above 
posted utility SRAC rates, most of the biomass facilities exercised their option to convert 
their payment basis from SRAC to PX, a switchover that in any case was mandated by 
the state’s electric utility restructuring law to take effect by the end of 2002.  However, 
the energy crisis became so severe by the end of 2000 that the utility companies 
suspended payments of their bills to the power generators, and the PX itself collapsed in 
January 2001.  That left the status of the standard offer (SO) contracts in distinct doubt.  
Eventually an agreement was worked out to offer biomass generators holding SO 
contracts an option to accept a five-year fixed SRAC rate of 5.37 ¢/kWh.  This agreement 
went into effect in the middle of 2001, so the fixed-price period for the affected facilities 
will last into mid-2006.   
 
Most of the merchant plants have been trying to negotiate long-term power purchase 
agreements with the state since the beginning of 2001, but so far only two facilities have 
succeeded in obtaining long-term agreements.  Most of the remaining merchant facilities 
have signed interim agreements with the state, which are intended to carry them until 
longer-term contracts can be negotiated.  These facilities cannot continue to operate if 
they have to sell power into the short-term market, where prices recently have been in the 
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range of 2 - 3 ¢/kWh.  The interim contracts provide the generators with a total price of 
6.5 ¢/kWh for their electricity, which covers both energy and capacity. 
 
The average cost of electricity production in an existing, amortized, standalone California 
biomass power plant is approximately 7 ¢/kWh, almost equally divided among three cost 
categories:  
 

• Capital   
• Fuel 
• Non-fuel operations and maintenance 

 
Facilities that are operating under standard-offer PPAs with the five-year fixed SRAC 
rate are earning revenues that are comparable to their cost of production (~2 ¢/kWh 
capacity plus 5.37 ¢/kWh energy), and thus can be expected to operate reliably for at 
least the next five years.  The facilities that have signed the interim agreements for rates 
of 6.5 ¢/kWh will be able operate successfully for the term of the contracts, and are 
hoping that long-term contracts patterned on the terms in the interim agreements can be 
successfully negotiated.  Biomass power plants that are dependent on merchant power 
sales at current market prices, even with the CEC production credit program that is in 
place, are having considerable trouble covering just their fuel and operating costs, and are 
in imminent danger of having to shut down. 
 
Fuel and non-fuel operating costs for biomass power plants can be estimated with a high 
degree of accuracy based on real world experience.  Fuel-cost data are based on extensive 
annual surveys of the biomass fuels market in California that have contributed to the 
development of a reliable database on California biomass fuel use (Morris 2000).  Non-
fuel O&M costs are based on extensive survey work of the North American biomass 
energy industry (Morris 1994, Morris 2000).   
 
California’s biomass fuel supply is derived from four broad categories of material: 
sawmill residues, in-forest residues, agricultural residues, and urban wood residues.  Each 
of these types of biomass has different characteristics and costs.  Most facilities use two 
or three of the categories of material, depending on what is available in their procurement 
region.  For purposes of conducting this study, it is assumed that the reference biomass 
facilities use a mixture of sawmill and in-forest residues, and that each facility has 
available to it a fixed quantity (90,000 bdt/yr) of sawmill residues, the cheaper of the two 
fuel types, and an unlimited quantity of in-forest residues ($25.00 / bdt for sawmill 
residues, vs. $36.00 / bdt for in-forest residues).  In-forest fuels are more expensive to 
produce than sawmill residues because of extra collection and transportation costs. 
 
The base-case 25 MW reference facility derives 50 percent of its fuel supply from 
sawmill residues, while the 50 MW reference facility derives 25 percent of its fuel supply 
from sawmill residues.  This assumption set has two benefits for the study.  First, the 
marginal fuel is more expensive than the average fuel for each facility configuration, 
guaranteeing that the larger the amount of biomass required at a site, the greater the 
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average cost of fuel procurement.  Second, the marginal fuel source considered for the 
study is in-forest material, which is the least tapped, but most expensive of the four 
categories of biomass fuels used in the state. 
 
The capital cost of new biomass generating facilities using conventional technology are 
well known.  The EPC cost of a new facility is generally in the range of $1,250 - 1,750 
per kW of capacity, with the all-in costs in the range of $1,600 - 2,300 per kW (Morris 
1994, Morris 2000).  In contrast, capital cost values are difficult to estimate on a generic 
basis for existing, amortized facilities.  Most of the biomass facilities in California were 
placed into service during the period 1985 - 1990.  Thus, the typical existing biomass 
facility in California that is a candidate for a co-location project is 10 - 15 years old.  
Conventional biomass facilities have an expected physical lifetime of at least 30 years 
(some biomass facilities have operated continuously for more than 80 years).  Straight-
line accounting would estimate these facilities to have lost between one-third and one-
half of their original capital value.  Experience with restarts of idle biomass facilities in 
California over the past couple of years shows that the facilities typically need capital up-
grades of $750,000 - 1.5 million, mainly in the areas of controls and instrumentation, in 
order to be brought up to current standards.  Full overhauls costing a few million dollars 
could bring the equipment to near-new condition, where it would be suitable for pairing 
with a new ethanol production enterprise. 
 
For purposes of analysis, we assume a capital value of $28 million for the 25 MW base-
case facility, and $45 million for the 50 MW base-case facility.  The facilities are 
assumed to be financed with seventy percent debt, and thirty percent equity.  The debt is 
assumed to be seven years, at 10 percent interest.  Equity return on investment is based 
on a ten-year return, with no assumed residual value for the facilities. 
 
Table 4 shows a pro forma financial statement for the 25 MW reference biomass facility 
operating under a SO contract (2 ¢/kWh capacity plus 5.37 ¢/kWh energy fixed).  The 
facility receives the fixed revenue price through the middle of 2006, then revenues are 
assumed to revert to the then prevailing market price.  For purposes of analysis, it is 
assumed that the prevailing market price in 2006 is based on a current market price of 3.5 
¢/kWh, escalated at one percent annually to 3.68 ¢/kWh in 2006.  Table 5 shows a pro 
forma financial statement for the 25 MW reference biomass facility operating under an 
assumed long-term power contract with the state for a price of 6.5 ¢/kWh in 2002, then 
escalating at one percent annually (labeled CPA, which stands for the California Power 
Authority, which is the presumptive buyer).  This assumed escalation rate is half of the 
assumed overall inflation rate of two percent per year.  Tables 6 and 7 show proformas 
for the base case 50 MW facility, for both an SO#4 contract, and an assumed long-term 
contract with the state. 
 
The 25 MW biomass power plant operating under a SO contract with the 5.37 ¢/kWh 
five-year fixed revenue option is able to operate comfortably, generating a 21 percent 
IRR using the financing assumptions adopted for this study.  Operating under the 
conditions assumed for the long-term state contracts, 6.5 ¢/kWh no capacity, the 25 MW 
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biomass facility has a positive operating margin of approximately $3.15 million per year, 
which is insufficient to cover its capital-recovery requirements.  These facilities would 
appear to be prime candidates as co-location sites.  Although not shown, it is obvious that 
facilities operating as merchant plants at current market rates would not be able to show a 
positive operating margin, even if they receive a state supplement of 1.0 or 1.5 ¢/kWh. 
 
The larger facilities enjoy substantial economies of scale, leading to enhanced operating 
margins as compared with the 25 MW facilities operating with comparable power 
contracts.  Tables 6 and 7 show the proformas for the reference 50 MW biomass power 
plant operating under the SO4 and CPA power purchase agreements.  It is important to 
note that there are only three 50 MW facilities in California, two of which have standard 
offer PPAs, and one that has one of the interim contracts with the DWR, and is seeking a 
long-term agreement.  Outside of these three, the next largest facility in the state is 31 
MW.  Thus, 50 MW facilities are special cases in the biomass realm.  While these 
facilities are appealing co-location hosts because they offer the ethanol operation an 
opportunity to take advantage of economies of scale, this factor must be balanced by the 
fact that the host site on its own already supports a huge materials handling operation. 
Adding an ethanol production operation increases the amount of biomass that must be 
brought to the site by thirty percent or more. 
 
 
Co-location benefits to existing biomass facilities 
 
In order to become a co-location host, a biomass power plant will have to reduce the 
amount of electricity it sells to the power grid in order to provide steam and electricity to 
the ethanol production operation.  Ethanol production is an energy-intensive process, and 
requires significant quantities of both steam and electricity.  In theory the ethanol 
production facility can obtain its energy requirements from the biomass power plant at a 
price below avoided retail, while providing enhanced revenues to the power plant 
compared to the current situation in which the power plant sells all of its output to the 
grid at wholesale rates.  Co-location projects that provide enhanced operating margins to 
biomass power plants will attract interest from most potential host sites. 
 
Table 8 shows technical specifications for co-locating a 550 bdt per day ethanol facility 
with a 25 MW biomass facility.  Data are shown for four ethanol configurations: acid and 
enzymatic hydrolysis, with a base case and optimistic case for each technology.  
Providing the steam for a 550 bdt per day ethanol facility costs the reference 25 MW 
biomass power plant approximately 5 MW of its output.  Providing the electrical 
requirements of the ethanol operation reduces the amount of electricity that can be 
supplied to the grid by another 2.5 - 4.0 MW, with the result that the power plant’s sales 
of electricity to the grid is reduced by approximately 30 - 35 percent as compared with 
the existing standalone biomass power plant.  The lost revenues are offset by the sale of 
electricity (2.5 - 4.0 MW) and steam (71,600 - 87,500 lbs. per hour) to the ethanol 
production enterprise at avoided retail rates. 
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Biomass power facilities operating under the old standard offer power purchase 
agreements have provisions in their capacity agreements that require them to meet certain 
performance requirements during the peak hours of the year (weekdays noon to six, June, 
July, and August).  The minimum performance factor cannot be achieved if the power 
facility is turned down by 30 percent or more during the defined peak hours.  A co-
location host with a SO contract would have two major options available to meet its 
performance requirement.  It could turn down the amount of steam and electricity 
provided to the ethanol operation during the crucial peak hours (approximately 375 hours 
per year), and/or it could over-fire its boiler during these hours, assuming that it has the 
physical capacity and regulatory authority to do so, thus increasing the amount of export 
power produced.  Without over-firing, the facilities operating under SO contracts would 
have to reduce their sales of utilities (steam and electricity) to the ethanol operation 
during peak hours of electricity usage by at least 45 percent in order to comply with the 
requirements of the capacity provisions in their contracts. 
 
Facilities that are operating at market rates, or under CPA contracts, do not have to meet 
the kind of peak-period performance factor requirement that is part of the SO contracts.  
However, due to the nature of electricity, all power plants find that their output is more 
valuable during the peak hours of the year.  Thus, virtually all power plants that have the 
capability to do so will find it beneficial to over-fire their boilers during peak hours, and 
all co-located operations will benefit from design and operating protocols that allow them 
to adjust their own operations to accommodate the electric market needs of the host 
cogeneration facility. 
 
Avoided retail electric rates in California today are very high, a carryover effect of the 
energy crisis that hit the state in 2000-2001.  Pre-crisis rates for large industrial energy 
users in California averaged approximately 5.5 - 6.0 ¢/kWh, but jumped to an average of 
10.5 - 11.0 ¢/kWh in July of 2001.  These high rates were enacted in order to repay the 
state for its purchases of energy when prices were very high and the utilities were broke.  
For analytical purposes, we are assuming that the current rates will be in place through 
the end of 2006, then drop by thirty percent and remain fixed at that level for the 
following ten years.   
 
Avoided retail rates for industrial steam are based on the avoided cost of natural gas, and 
the avoided costs of operations and maintenance for the steam-generation equipment.  
Avoided natural gas costs are assumed to be 30 ¢ per therm (2002), escalating at one 
percent annually.  The initial avoided cost for high-pressure steam is $4.30 / mmbtu, and 
for low-pressure steam is $3.75 / mmbtu.  These rates provide the same revenue as sales 
of the equivalent amount of electricity at approximately 6.5 ¢/kWh. 
 
At first blush, trading wholesale electrical sales for electrical sales to a co-location 
facility at 10.7 ¢/kWh, and steam sales at the equivalent of 6.5 ¢/kWh (weighted average 
of approximately 7.9 ¢/kWh), would appear to be a good deal for a host power plant that 
sells its electrical output at wholesale rates.  However, the California biomass facilities 
that have SO contracts sell their electricity at an average rate of almost 8.0 ¢/kWh, and 
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those with the current interim CPA contracts sell their electricity at an average rate of 6.5 
¢/kWh.  As a result, the facilities with SO contracts, in the absence of over-firing, would 
see only about a $270,000 to $380,000 revenue gain in 2005 with co-location.  The acid 
optimistic case, which has much greater electricity use than the other defined 
technologies, benefits to a greater extent, with a $800,000 revenue gain in 2005.  Over-
firing improves the situation considerably, due to the particular nature of the capacity 
provisions in the SO contracts. 
 
Cogeneration facilities that are operating under CPA-type contracts would benefit from 
co-location to a greater extent than those operating under SO contracts.  Without over-
firing, the benefits to facilities operating under CPA-type contracts are at least twice as 
great as the benefits to those operating under SO contracts.  Over-firing can increase the 
benefits by approximately twenty percent. 
 
Co-location hosts can augment the benefits derived from co-location by over-firing their 
boilers during the peak hours of the year, thus increasing their sales to the grid during 
these crucial hours.  In addition, a facility operating under an SO contract that over-fires 
its boiler by ten percent during peak hours would only have to reduce utility deliveries to 
the ethanol facility by 15 percent during these hours (vs. 45 percent without over-firing) 
in order to meet its capacity performance requirements.  On the other hand, due to 
provisions in the SO contracts that generously reward grid sales during peak hours, if the 
ethanol facility were able to accept the 45 percent reduction in utilities during peak hours, 
the advantage to the cogen facility of overfiring during peak hours increases considerably 
as compared to the power-only configuration. 
 
All of the numbers above assume that the biomass power plant sells steam and electricity 
to the ethanol facility at full avoided retail prices, and that the biomass power plant 
purchases lignin from the ethanol facility at equivalent value to the fuel it was purchasing 
prior to the development of the co-located ethanol production operation.  The assumption 
is that the reference 25 MW biomass power plant purchases a 50/50 mixture of sawmill 
residues ($25 /bdt) and in-forest residues ($36 /bdt).  In the co-location mode, the power 
plant’s biomass purchases continue to be a 50/50 mixture of sawmill residues and in-
forest residues, with lignin and biogas purchased at an equivalent btu value.  The overall 
operation continues to procure the same total amount of lower-cost biomass (sawmill 
residues) as the power plant did before co-location, with all of the additional biomass 
coming from more costly (in-forest) sources.  The co-located combined operation has to 
procure 30 - 45 percent more biomass than the host site facility did prior to co-location. 
 
Co-location would appear to offer modest benefits to potential co-location host biomass 
power plants in California, particularly for facilities that do not have SO contracts.  This 
results from the fact that the operating biomass power plants in California receive 
revenues for wholesale electrical sales that are themselves rather high.  If the biomass 
plants received revenues at the current average wholesale market rate of 2.5 - 3.5 ¢/kWh, 
then co-location would be much more beneficial for them.  However, under these 
circumstances, the co-location benefits would not be enough to make the host facility a 
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viable commercial enterprise, so biomass power plants selling their electricity at current 
wholesale rates would not be a suitable co-location site.   
 
The analyses above assume that a co-located ethanol facility in California would use 
essentially the same kinds of feedstocks that the host facility already uses for fuel.  
Procuring additional quantities of biomass at an existing site would mean bringing in 
supplies of increasingly costly material, based on the simple premise that the existing 
power plant, prior to co-location, has already been striving to minimize its fuel cost.  
Based on the approach used in this study, the host site would have its overall fuel cost 
remain constant after co-location, with the ethanol operation picking up the cost of the 
higher-priced marginal biomass that is procured. 
 
There is one way to avoid this conundrum, which would be for the ethanol production 
operation to use a cellulosic feedstock that is not currently part of the fuel mix of the host 
site, or of the state biomass fuel market in general.  The obvious biomass candidate in this 
category is agricultural field straws, which are inferior power plant fuels and almost 
never used for that application, but may actually be relatively desirable feedstocks for 
ethanol fermentation. 
 
Rice straw, in particular, presents a difficult disposal problem in California.  Rice is 
grown extensively in the Sacramento Delta area north of the San Francisco Bay, and rice 
straw burning, the traditional disposal practice for the material, is a major source of air 
pollution in the state’s Central Valley region during the fall.  The California Air 
Resources Board has spent millions of dollars trying to develop alternative uses for rice 
straw, with little result.  Open burning has now been banned, and growers are being 
forced to landfill their straw, at considerable cost and risk to succeeding crops (straw not 
removed in a timely fashion harbors a deadly fungus).   
 
Ethanol facilities that are co-located at sites with reasonable access to adequate quantities 
of rice straw or similar materials would be able to procure their feedstock at considerably 
lower cost than facilities that use the same types of biomass as their co-location hosts.  In 
the specific case of rice straw, California even offers a tax credit for beneficial use of the 
material, and ethanol production qualifies as a beneficial use.  This would further reduce 
the procurement cost for the feedstock, although we do not take it into account in this 
analysis. 
 
In addition, the host facility itself can see its cost of fuel procurement decline in this type 
of co-location scenario.  In the 25 MW / 550 bdt/day co-location configuration, the power 
plant derives 60 - 67 percent of its fuel from the lignin co-product of the ethanol 
production process.  This means that its procurement from the conventional biomass fuels 
market would be reduced by more than half, and the average cost of fuel procured would 
be reduced accordingly.  
 
For modeling purposes, we assume that a co-location scenario with the 25 MW / 550 
bdt/day configuration converting rice straw into ethanol would allow the host facility to 
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procure only sawmill residues for its outside fuel requirements, instead of the 50/50 
mixture of sawmill residues and in-forest residues.  This allows the power plant to reduce 
its average fuel procurement cost from $30.50 /bdt for the pre-co-location fuel mix to 
$25.00 /bdt with co-location, an 18 percent decrease.  At the same time, with rice straw 
priced at $19 /ton ($22.35 /bdt) (Uhland 2001), the cost of feedstock procurement for the 
ethanol operation is reduced by more than 30 percent compared with the cases considered 
above where in-forest residues were the marginal biomass source.  Thus, both enterprises 
benefit in this configuration. 
 
The rice straw feedstock co-location scenario provides considerably greater benefits to a 
potential host site facility than the conventional biomass feedstock scenario.  This 
assumes that the particular characteristics of the rice straw do not present problems for 
either the ethanol or cogeneration operations.  The host cogeneration facility obtains the 
same revenue enhancements regardless of the type of feedstock used by the ethanol 
production operation.  However, in the conventional biomass feedstock scenario the 
cogeneration facility’s fuel procurement cost is unaffected by co-location, whereas in the 
rice straw feedstock scenario the host facility receives a greater than $1 million per year 
fuel savings in addition to the revenue enhancement from retail sales of steam and 
electricity.   
  
 
Co-location benefits for ethanol production operations 
 
The major co-product of ethanol production from cellulose is lignin, which is produced in 
large quantities.  For example, the four 550 bdt per day ethanol plant configurations 
considered in this study convert 180,000 bdt per year of biomass into 9.3 - 13.6 million 
gallons of ethanol, and 98,500 - 126,500 dry tons of lignin.  The lignin co-product is 
enough fuel to produce 14 - 18 MW of electricity in an efficient standalone power plant, 
or more than enough to supply all of the steam and electrical needs of the ethanol 
production operation, and still produce a surplus of 5 - 10 MW of electricity.  Doing this, 
however, requires the installation and operation of very expensive equipment in the form 
of a solid-fuel boiler and steam turbine-generator.  In the Merrick study, for example, 
which provided design details for standalone and co-located facilities of the same 
production capacity, the co-located facility was thirty percent less costly to build than the 
standalone ethanol production plant.  Avoiding the need for this expensive equipment is 
one of the primary motivations for co-location. 
 
The technology required for producing ethanol from cellulose is still in the pre-
commercial stage of development.  This factor, combined with the fact that the facilities 
will be limited in size due to resource considerations, lead to projections of rather high 
costs for producing ethanol.  For analytical purposes, the figure of merit that is computed 
for each ethanol production configuration considered in this study is the required selling 
price for ethanol at the plant gate, without regard to available state and federal tax credits.  
Private capital financing is assumed for the reference case, with a 75:25 debt-to-equity 
ratio, debt based on a fifteen year loan term at ten percent interest, and equity earning a 
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twenty percent internal rate of return over a ten-year period.  These are rigorous 
investment criteria, suitable for a commercially mature industry.  Cheaper financing 
options, which may be available in the near-to-middle term, are also considered in this 
report. 
 
The required ethanol selling price is unaffected by the type of power sales arrangement 
that the host facility is operating under, nor by whether the host facility is over-firing its 
boiler or otherwise manipulating output during peak hours of electricity demand.  The 
required ethanol-selling price is mainly a function of two factors, the choice of ethanol 
technology employed, and the type (cost) of feedstock used.  In the rice-straw scenarios 
the ethanol production facilities sell their lignin to the power plants at a lower cost than in 
the conventional biomass feedstock scenarios, due to the fact that the host facilities fuel 
procurement costs are reduced.  Nevertheless, the reduction in ethanol feedstock costs in 
the rice straw scenarios (~ $10 / bdt) more than makes up for the loss in lignin values, 
allowing ethanol to be sold for about 10 ¢ less per gallon for each ethanol production 
technology considered. 
 
Table 8 shows the required ethanol selling price for the various 550 bdt/day ethanol / 25 
MW biomass co-location configurations considered previously.  In all cases the data 
shown in the table are based on an assumption that the two co-located facilities are run as 
separate operations, with sales of energy products between the two entities based in all 
cases on full avoided costs from prevailing commercial market rates.  Steam and 
electricity are sold by the power plant to the ethanol producer at prices based on the 
avoided cost of natural gas, and retail electricity prices for large industrial energy users.  
Lignin and biogas are sold by the ethanol production operation to the power plant based 
on the power plant’s avoided cost of procurement of biomass fuel.   
 
The cost of producing ethanol from cellulosic feedstocks can be broken down into three 
major components: feedstock acquisition cost, operations and maintenance (O&M) cost 
(not including feedstock), and capital cost.  Figure 4 shows plots of the relative 
contributions of the production cost components for 550 and 1,100 bdt/d ethanol 
production facilities.  Due to economies of scale with regard to capital and O&M costs, 
the relative importance of feedstock cost compared to the other two cost components 
becomes amplified as the size of the ethanol production facility increases. 
 
The cost of the feedstock used for the conversion process accounts for one-quarter to one-
third of the total cost of production.  The feedstock cost differential is the main difference 
between the selling prices for each ethanol production technology shown in Table 8 
based on biomass vs. rice straw feedstocks.  Figure 5 shows a plot of required ethanol 
selling price vs. feedstock cost for acid-hydrolysis and enzymatic-hydrolysis ethanol 
production technologies.  The bandwidth for each technology is bounded by the base-
case configuration and the optimistic configuration.   
 
The required ethanol selling prices discussed so far have been based on meeting 
commercial project-finance requirements, which for purposes of analysis are defined as 
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interest rates of 10 percent on debt, and 20 percent rates of return on equity capital.  In 
recognition of the significant public benefits of energy production from residue forms of 
biomass (Morris 1999), it may be possible to obtain lower cost financing for co-located 
ethanol projects.  For example, if highly concessionary rates of 5 percent for interest and 
12 percent for equity rates of return are assumed (vs. 10% & 20% respectively), the 
required selling price for each of the configurations shown in Table 8 are reduced by 
about 20 cents per gallon (range of 18 - 21 ¢/gal). 
 
The host facilities in the various 550 / 25 co-location configurations shown in Table 8 see 
their annual operating margins (ebitda--earnings before interest, taxes, depreciation, and 
amortization) increase in the range of $300,000 - 2,700,000.  Since these ebitda 
enhancements are due entirely to the presence of the co-located ethanol facility, it is 
reasonable to consider the possibility of some sharing of the benefits between the two 
entities.  A simple way to do this in the model is by discounting the price of energy 
products (steam and electricity) sold by the host power plant to the ethanol production 
operation.  The required ethanol prices shown in the table can be considered to be the 
prices when one-hundred percent of the co-location benefits accrue to the biomass power 
plants.  If the special co-location benefits are completely transferred to the ethanol 
production operations, the required ethanol selling price can be reduced by as much as 18 
¢/gal. 
 
Figure 6 illustrates the range of required ethanol selling prices that are possible as a 
function of feedstock cost (conventional biomass vs. rice straw in the figure) and degree 
of sharing of the special co-location benefits between the two co-located enterprises.  
With fairly equal benefit sharing and medium feedstock prices, ethanol can be produced 
for a plant-gate selling price in the neighborhood of $1.70 /gal using acid-hydrolysis 
technology, and $1.50 /gal using enzymatic-hydrolysis technology.  The values in the 
figure are based on commercial financial return expectations (10% debt, 20% equity).  
The required selling-price spaces shown in the figure would fall vertically by as much as 
20 ¢/gal if extremely favorable concessionary financing terms can be arranged. 
 
Co-location presents a number of possibilities for sharing of physical facilities and 
operations that could lead to reductions in the required selling price for ethanol.  These 
include: 
 

• Avoidance of new boiler and power generating equipment for the ethanol 
production operation 

• Joint biomass procurement, storage, and handling facilities and operations 
• Joint water processing and water treatment facilities and operations 
• Sharing of key maintenance personnel 
• Joint administrative and management services 

 
The various opportunities for synergism can produce capital cost savings, operating cost 
savings, or a combination of the two.  The most compelling reason for co-location, 
avoiding the need to include a boiler and turbine generator in the design of the ethanol 
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production process, produces both capital cost savings and operating cost savings for the 
ethanol producer, but at the expense of a major new operating cost item, utility purchases 
(steam and electricity).  Moreover, in a standalone configuration, an ethanol production 
facility equipped with efficient power generating equipment would be able to produce 
surplus power for the grid, taking advantage of which ads a whole layer of additional 
complexity to the ethanol production enterprise.  Comparing co-located ethanol 
production facilities to standalone facilities is beyond the scope of this report, but 
preliminary calculations suggest significant net benefits for co-location. 
 
In order to analyze the results of capital and operating cost savings on the required plant-
gate selling price for ethanol, a series of sensitivity analyses on these two variables were 
performed.  Figure 7 shows the sensitivity of required ethanol selling prices to changes in 
capital costs from the base case values presented in this analysis.  Figure 8 shows the 
sensitivity of required ethanol selling prices to changes in operating costs from the base 
case values.  Based on the data shown in the figures, the required ethanol selling price for 
the various ethanol production technologies changes by 1.2 - 1.7 ¢/gal per million dollars 
change in project capital cost, and by 7.5 - 10.5 ¢/gal per million dollars change in annual 
operating costs. 
 
One of the significant factors leading to the high cost of production for ethanol fuels from 
cellulosic feedstocks is the relatively small size of the production units envisioned.  The 
limiting factor on unit size is the nature of the resources that are used as feedstock.  The 
reference 550 bdt/day ethanol facilities use the same amount of biomass as a 25 MW 
standalone biomass power plant.  In the 550 bdt/day / 25 MW co-location configurations, 
the total operation uses as much biomass as a 35 MW standalone biomass facility, which 
is very large by industry standards.  Yet these facilities produce only about 10.0 - 12.5 
million gallons per year of ethanol, which compares with 40 million gallons per year or 
more for state-of-the art grain-to-ethanol operations.  Cellulose-to-ethanol facilities will 
not be able to achieve the kinds of economies of scale that grain converters can. 
 
For purposes of analysis, we have defined specifications for reference 1,100 bdt per day 
ethanol facilities for each of the ethanol production technologies under consideration 
(Table 2).  The 1,100 bdt/day facilities cannot be paired with a 25 MW power plant, 
because they produce too much lignin for the facility to consume.  For analytical 
purposes, we pair the 1,100 bdt/d ethanol facilities with the reference 50 MW biomass 
power plant configurations.  Such combinations would consume more biomass at a single 
location than any standalone biomass power plant in the world.  This means that some of 
the biomass would have to be procured from relatively costly sources, counteracting the 
positive effects of the economies of scale achieved in a larger operation.  Nevertheless, 
each of the three 50 MW biomass facilities in California would be capable of procuring 
the amount of additional biomass needed if conditions warranted. 
 
The cost savings achievable with larger production facilities are impressive.  Doubling 
the size of the ethanol facilities to 1,100 bdt/day allows the required selling price of 
ethanol to drop by as much as 25 ¢/gal, if one assumes that the additional feedstock 
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required for such facilities can be obtained at the same marginal cost as is assumed for 
the 550 bdt/d - 25 MW configuration.  In the more likely event that the marginal 
feedstock acquisition cost will be higher, the advantage of doubling the size of the 
ethanol production operation is to decrease the required selling price of ethanol by about 
15 - 20 ¢/gal for each technology.   
 
 
 
Co-Location with Coal-Fired Power Plants 
 
Market context 
 
Cellulose-to-ethanol production facilities can be co-located with coal-fired power plants 
in order to achieve many of the same synergies as co-locating with biomass power plants, 
the notable exception being that completely separate materials storage and handling 
facilities will be required.  In fact, co-location with coal plants offers several significant 
advantages for the ethanol production operation in comparison with biomass co-location.  
Some of these advantages include: 
 
• Coal plants are typically much larger than biomass power plants.  As a result, coal 

facilities can support larger ethanol operations with fewer technical challenges for the 
host facility, such as limitations on the percent of lignin in the fuel mix. 

 
• All biomass procured in a coal co-location configuration is for conversion to ethanol.  

There is no competition for biomass resources with the host facility.  Moreover, many 
regions that have substantial numbers of coal-fired power plants do not have well 
developed biomass power industries, because avoided costs are too low to allow 
biomass power plant development to take place.  The result is that there is little 
competition for biomass resources in these regions. 

 
• Co-locating an ethanol production facility with an existing coal-fired power plant 

provides significant environmental improvements at the host site.  Environmental 
performance is a significant issue for many old coal facilities in the U.S.  Ethanol 
production does not “green” a host biomass facility, which is already one-hundred 
percent renewable and green. 

 
• Coal-fired electricity production is a lower-cost process than making electricity from 

biomass.  As a result, most coal-fired power plants receive lower unit values for 
electricity supplied to the grid than biomass facilities, which need to receive above 
market rates in order to survive.  Exchanging some of the coal plant’s electricity sales 
for sales of steam and electricity to an ethanol operation, therefore, gives the host 
facility a greater boost in product value than is the case with a biomass power plant.  
This means that there may be greater co-location benefits to be shared between the 
two operations. 
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The southeastern region of the U.S., in particular, would appear to offer fertile ground for 
ethanol co-location with existing coal-fired power plants.  The Southeast has a large 
number of old, and in many cases quite dirty, coal facilities.  This region is also endowed 
with significant biomass resources, and produces large quantities of under or unutilized 
cellulosic residues in the forms of wood residues at sawmills and from in-forest 
operations, and agricultural residues such as straws from grain crops.  The collection and 
use of these materials would provide steady jobs in many economically depressed areas, 
as well as promoting significant environmental improvement. 
 
Most of the dirtiest of the existing coal facilities in the Southeast are exempted under the 
Clean Air Act, and the owners of these facilities are extremely resistant to doing anything 
to modify them for fear of triggering significantly more stringent environmental 
regulations.  Nevertheless, these facilities are under strong political pressure to clean up, 
and may not be able to maintain their grandfathered status indefinitely.  Ethanol co-
location offers significant environmental values to a coal facility.  It allows the coal plant 
to substitute a clean-burning renewable fuel for a portion of its fuel mix, which is a 
significant benefit in itself, particularly with regards to reduced sulfur and particulate 
loading in the system.  In addition, lignin fuels may have a positive effect in scavenging 
coal sulfur in the combustor, as well as in suppressing NOx formation.  Lignin fuels 
should be easier to co-fire with coal than conventional biomass fuels, especially in the PC 
boilers that the majority of old coal-fired units have. 
 
 
Reference coal facility configuration 
 
For purposes of analysis we define a reference coal-fired power plant that can serve as a 
host facility for a co-located ethanol production facility.  Analyst Jacqueline Broder and 
associates at the TVA assisted in producing realistic specifications for the reference 
facility.  The reference coal plant is a typical 300 MW coal-fired power plant in the 
Southeast, burning locally-produced coal in a PC boiler.  This coal plant is large enough 
to support any of the ethanol production facility configurations that are considered in this 
study (Table 2).   
 
Table 9 shows the base-case specifications that define the reference 300 MW coal-fired 
power plant.  For analytical purposes it is assumed that the facility is fully amortized and 
approximately twenty to thirty years old, and that its capital recovery requirements are 
approximately thirty percent of the amount that would be associated with a new facility 
of the same specifications.  The coal facility is utility owned, and operates as a standalone 
electricity generator.  The average value of the electricity that it supplies to the grid is 
assumed to be 2.5 ¢/kWh. 
 
Cellulose feedstock availability at any given potential co-location project site is site 
specific.  In some locations in the Southeast there is an existing, established market for 
biomass fuels, while in other parts of the region there is little current demand for residue 
biomass.  For analytical purposes, we assume that the first 225,000 bdt per year of 
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biomass at a given site is available for a price of $22.50 per bdt, which would correspond 
to wood processing residues, while additional biomass at the site would be available at a 
price of $36 per bdt, which would be primarily in-forest residues or agricultural straws. 
 
 
Co-location benefits to the existing coal facility 
 
Existing coal-fired power plants like the defined reference facility form the backbone of 
the power grid supply infrastructure in the Southeast.  A proforma model run on the 
reference coal facility without co-location is shown in Table 10.  The power plant 
produces an operating margin (ebitda) of some $17 million per year, which makes it a 
performing utility asset.  Based on the various assumptions built into the specification of 
the reference facility, the model calculates an irr of 18 percent for this asset. 
 
The reference 300 MW coal facility can host any of the eight reference ethanol 
technology configurations that are described in Table 2.  In order to take advantage of 
economies of scale, it is likely that developers will build facilities that are as large as 
possible at any given co-location site, subject to the availability of biomass at that 
location.  An 1,100 bdt/day facility uses as much biomass as the largest biomass power 
plants in the world.  It is unlikely that more than a handful of sites with suitable existing 
coal-fired power plants will be able to support this level of production.  For purposes of 
analysis, we consider co-locating both the 550 and 1,100 ton/day reference ethanol 
production facilities at the reference 300 MW coal-fired power plant. 
 
Table 11 shows the specifications and results from co-locating the various reference 
ethanol plants at the reference coal-fired power plant.  Co-locating a 550 bdt/d ethanol 
facility at the reference coal plant reduces the coal plant’s delivery of power to the grid 
by approximately 8 - 10 MW, substituting far more valuable sales of steam and electricity 
to the ethanol production operation.  The host facility’s coal use is reduced by 5 - 9 
percent, and the value of its output increases by $1.4 - 2.7 million annually. 
 
Co-locating a 1,100 bdt/d ethanol facility at the reference coal plant reduces the coal 
plant’s delivery of power to the grid by approximately 15 - 18 MW, substituting far more 
valuable sales of steam and electricity to the ethanol production operation.  The host 
facility’s coal use is reduced by 11 - 18 percent, and the value of its output increases by 
$2.9 - 4.7 million annually. 
 
In addition to the financial benefits, the co-location host facility receives significant 
environmental benefits from co-location.  While quantifying these benefits is beyond the 
scope of this study, it should be noted that gaining the environmental benefits of co-
location may be of greater interest to the owners of existing coal-fired power plants than 
any increased value in their energy production.  This depends to a great extent on the 
future course of air pollution regulation and efforts to reduce greenhouse gas emissions.  
The pro forma co-location model could be used to study the relative cost-effectiveness of 
compliance with tougher air-pollution standards for a grandfathered coal plants using the 
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co-location approach with an ethanol facility, vs. installing and operating various 
pollution control technologies (or a mix of both). 
 
 
Co-location benefits for ethanol production operations 
 
The ethanol production operations considered for co-location with coal facilities are the 
same configurations that were considered for co-location with biomass power plants in 
California, and their production economics are very similar.  The major differences 
between the two scenarios are the expected prices for various energy products, especially 
the wholesale and retail prices for electricity, the price of biomass feedstock, and the 
value of the lignin sold by the ethanol facility to the power plant.  Table 11 shows the 
required plant-gate price for ethanol fuel from the various ethanol configurations, based 
on the base case set of assumptions used for this analysis.  These prices are based on the 
use of full avoided cost pricing for each product traded between the two co-located 
enterprises. 
 
The required plant-gate selling prices shown in Table 11 for ethanol production facilities 
co-located with coal power plants in the Southeast are comparable to the prices shown in 
Table 8 for ethanol production facilities co-located with biomass power plants in 
California operating on rice straw residues as feedstock, and about a dime cheaper than 
for California facilities operating on conventional biomass.  The larger facilities for each 
technology have production costs that are 15 - 30 ¢/gal cheaper than the smaller facilities, 
even taking into account their higher average cost for feedstock.  Larger facilities are 
assumed to have higher average feedstock acquisition costs because they must collect 
biomass from a larger area, and feedstock transportation is expensive. 
 
Figure 9 shows a plot of the required selling price for ethanol vs. the cost of feedstock for 
acid and enzymatic hydrolysis technologies, with consideration given to ethanol 
production enterprise size.  The required selling price for acid hydrolysis has a stronger 
response to feedstock cost than for enzymatic hydrolysis, because acid hydrolysis is less 
efficient in terms of converting feedstock into ethanol.  This means that it uses more 
feedstock per gallon produced, making feedstock cost a greater determinant of total 
production cost.  With advanced conversion technologies at sites with plentiful supplies 
of feedstock, ethanol fuels could be produced for plant-gate selling prices of $1.50 per 
gallon with acid hydrolysis techniques, and $1.30 per gallon with enzymatic hydrolysis 
techniques. 
 
One of the problems with co-locating an ethanol production facility with an existing 
biomass power plant is that power production using biomass fuels is expensive, and, as a 
result, biomass power plants either receive revenues in the neighborhood of seven cents 
per kWh, or they cannot operate.  This means that diverting a portion of their output to a 
co-located ethanol facility at avoided retail rates is not as great a bump as it is for a coal-
fired power plant, whose electrical output to the grid is much lower valued.  In other 
words, co-location with coal facilities produces a greater co-location benefit to the host 
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facility, measured in terms of increased operating margin, than is the case for co-location 
with a biomass facility.  In addition, co-location with a coal facility provides large 
environmental benefits to the coal facility, which is not the case for co-location with 
already “green” biomass power plants.  Thus there is more ebitda benefit to share with 
co-location at a coal-fired power plant, and more incentive for the host facility to be 
willing to share a greater proportion of  the benefit. 
 
Figure 10 shows a plot of the required selling price for ethanol vs. the degree of sharing 
of the benefits of co-location between the host facility and the ethanol production 
enterprise, for acid and enzymatic hydrolysis technologies, with consideration given to 
ethanol-production enterprise size.  Fairly equal benefit sharing would lead to plant-gate 
ethanol selling prices in the neighborhood of $1.55 /gal for acid hydrolysis technologies, 
and $1.35 /gal for enzymatic hydrolysis technologies.  If the coal plant is willing to share 
most or all of the economic benefits of co-location in return for the environmental 
benefits, required selling prices fall to the neighborhood of $1.50 /gal for acid hydrolysis, 
and $1.30 /gal for enzymatic hydrolysis technologies.  With advanced technologies and 
prime resource sites, these prices can be driven down by another dime. 
 
The production economics for ethanol facilities co-located with coal power plants show 
the same sensitivities to concessionary financing terms, and to changes in capital and 
operating costs as were found in the case of co-location with biomass power plants (see 
previous section: Co-Location with Existing Biomass Facilities). 
 
 
 
Conclusion and Recommendations 
 
The precarious future of the California biomass power industry, coupled with the state’s 
plans to phase MTBE out of its fuel mix, have focused considerable attention on the 
concept of co-locating cellulose-to-ethanol facilities with existing biomass power plants 
in the state.  Co-locating cellulose-to-ethanol facilities with existing biomass power 
plants has a number of advantages over developing standalone ethanol production 
operations, particularly in the areas of shared facilities and operations.  However, 
biomass co-location faces some difficult challenges that may limit its future development.  
Some of these issues are avoided in co-locating cellulose-to-ethanol facilities with coal-
fired power plants, which may turn out to be a greater opportunity for the U.S. ethanol 
industry in the long run. 
 
One important technical issue that will have to be addressed in moving forward on real 
co-location projects involves the ability of existing solid-fuel boilers to accept lignin as a 
significant portion of the fuel mix.  In the biomass power plant co-location configurations 
considered in this study, lignin provides some sixty percent or more of the power plant’s 
fuel mix.  Lignin fuels are different than conventional biomass and coal fuels, and 
existing boilers may be limited in terms of their abilities to accept high percentages of 
lignin in their fuel mix.  In general, biomass power plants that have fluidized-bed 
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combustors may be able to burn higher percentages of lignin in their fuel mix than grate-
type boilers, although each potential host site has to be evaluated for its own unique 
characteristics and limitations.  Eleven of the 35 operating biomass power plants in 
California have fluidized-bed combustors.  Nine of the 14 facilities in the size range of 
interest for co-location projects (greater than 20 MW) in California have fluidized-bed 
boilers. 
 
When this study was initially conceived, it was thought that lignin fuels might provide 
certain advantages to biomass boilers, including possibly allowing them to operate at 
higher output rates.  These hopes were based on the fact that lignin has a higher energy 
density, in terms of btus per bdt, than conventional biomass fuels.  However, based on the 
ethanol facility production specifications provided by NREL for this study, the product 
that is commonly referred to as “lignin” is really a mixture of lignin, hemicelluloses, 
yeast, and other matter.  Its heating value and moisture content are similar to that of 
conventional biomass fuels, and energy mixes containing high percentages of this type of 
lignin do not provide for increased combustion efficiencies.  The exception is the acid-
hydrolysis optimistic configuration, for which data were derived from a different source.  
In this design it is assumed that the fuel product produced in the ethanol production 
process is fairly pure lignin, with a correspondingly higher energy density.  For this 
technology the model does compute a higher boiler efficiency for fuel mixtures with high 
percentages of lignin. 
 
The scale economies that appear to be an inherent characteristic of the ethanol production 
industry dictate that only rather large biomass power plants should be considered as 
potential host sites for ethanol co-location projects.  The 25 MW reference biomass 
power plant considered in this study, for example, is hard strapped to accommodate the 
smallest ethanol production configurations under consideration.  California has fourteen 
operating biomass power plants that are 20 MW or larger, and another seven in the size 
range of 15 - 20 MW.  If all of these 21 facilities were utilized as co-location sites, and all 
could take a very high proportion of their fuel in the form of lignin (e.g. 80%), the 
combined ethanol production capacity in the state would be approximately 265 million 
gal/yr using acid hydrolysis technology, and 415 million gal/yr using enzymatic 
hydrolysis technology.  This represents the absolute upper limit on the co-location 
potential for ethanol production in California.  Seventy-five percent of the total is from 
plants associated with host sites that are larger than 20 MW in size.  
 
It is unlikely that all of the biomass power plants that are large enough to host co-located 
ethanol facilities will do so.  It is also unlikely that all of the facilities that would host a 
co-located ethanol facility would be able to use fuel mixes with eighty percent lignin 
content.  If eight 550 bdt/d ethanol production facilities were developed in California, the 
industry would have a production potential of approximately 100 million gallons per 
year, which is about 15 percent of the potential California market for ethanol fuels of 600 
million gallons per year. 
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The biomass co-location configurations considered in this study all require the amount of 
total biomass procurement at the host site to increase by thirty percent or more, as 
compared with the situation before the initiation of the ethanol co-location project.  In 
general, if the feedstock utilized by the ethanol production operation is essentially the 
same kind of material that is used by the host power plant, it is inevitable that the extra 
increment of biomass procured for the joint operations will have a higher unit cost than 
the average cost of the biomass procured by the host facility prior to co-location.  If the 
ethanol facility can use a feedstock, such as rice straw, that is not a desirable boiler fuel, 
then this problem can be avoided.  However, while California does produce large 
quantities of straws and other agricultural residues that are not of great interest to the 
biomass power plants, the bulk of the under-utilized biomass residue resource base in 
California is in-forest residues, and these materials tend to have relatively high 
production costs. 
 
Biomass power generation in California is more expensive than many of the conventional 
alternative generating sources available to the state’s grid.  This fact leaves the state’s 
biomass producers in a precarious position, dependent on public policy measures to 
compensate them for the valuable environmental services that are the ancillary products 
of biomass power production.  This has led to a hope that co-location of an ethanol 
facility on their site would provide a higher-valued outlet for some of their energy output, 
and have a stabilizing influence on the business.  In other words biomass power 
generators, who are the potential host sites for co-location projects, are hoping that a co-
located ethanol facility could improve their own situation.   
 
Ethanol production is itself an expensive process, especially using cellulose as a 
feedstock.  The motivation among ethanol producers to pursue co-location opportunities 
is to avoid the necessity to include expensive steam and power generating equipment in 
their designs, and the possibility that other cost-savings arrangements might be possible.  
In other words each of the two enterprises is looking to the other for help, because each 
finds itself in an above-market production cost position.  The reality is that each is limited 
in its capacity to help support the other’s operations.  
 
Based on all of the available information, it must be concluded that ethanol production 
from cellulosic resources in California will be expensive.  In the best of circumstances, 
using advanced technology and low-cost feedstocks such as rice straw, it may be able to 
produce ethanol from cellulose in co-located facilities in California for a plant-gate 
selling price below $1.40 per gallon.  However, getting to this point will require 
progressing through a commercialization process that will involve producing ethanol that 
requires a plant-gate selling price of $1.75 per gallon or more.  In the long run, it appears 
that in order to approach California’s ethanol from cellulose potential, long-term plant-
gate prices in the neighborhood of $1.50 per gallon will be required.  Supporting such an 
enterprise will require significant public policy support. 
 
Co-location of ethanol production facilities with existing coal-fired power plants may 
overcome some of the complications and issues involved with co-locating with existing 
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biomass power plants.  Coal facilities tend to be much larger than biomass facilities, 
which means that for a given sized ethanol production operation the host coal facility will 
burn a lower percentage of lignin in its fuel mix than a host biomass power plant, which 
may lead to fewer technical problems.  On the other hand, lignin is more similar to 
conventional biomass fuels than it is to coal, so technical issues might still arise, even at 
lower percentages of lignin in the mixture.  Site-specific considerations will have to be 
taken into account for any potential co-location project.  
 
One advantage that co-location with coal-fired power plants may have over co-location 
with biomass facilities is that there is never any potential for the two co-located 
operations to be in competition with each other for the acquisition of biomass resources.  
All of the biomass procured at a given site will be used for the production of ethanol.  
Moreover, many coal co-location opportunities are in regions that have abundant biomass 
resources, but lack a competitive market for biomass residues.  These areas are prime 
candidates for ethanol facility co-location. 
 
Many potential coal-fired host-site candidates for ethanol co-location are economically 
stable operations, but have serious environmental issues.  These operations could afford 
to share most or all of the economic benefits of co-location with the ethanol enterprise in 
return for receiving the environmental benefits that co-location provides.  Co-location 
with coal facilities, however, still faces the most difficult issue that confronts co-location 
with biomass power plants.  That is, due to the inherent characteristics of cellulosic 
biomass resources, cellulose-to-ethanol production operations will be smaller than grain-
to-ethanol operations, and consequently will have higher unit production costs.  Thus, 
even using advanced technologies, cellulose-to-ethanol facilities co-located with coal-
fired power plants will require plant-gate selling prices in the neighborhood of $1.30 per 
gallon. 
 
A possible approach to overcoming the limitation on facility size imposed on ethanol 
production operations utilizing biomass residues as a feedstock would be to develop 
conversion facilities that could convert a mixture of starch commodities or biomass crops 
such as fast-growing grasses, and conventional biomass residues.  While evaluating the 
technical or economic feasibility of such operations is beyond the scope of this study, it is 
reasonable to assume, for example, that coal-fired power plants in the Southeast could act 
as host sites for forty million gallon per year ethanol production operations that utilize 
locally available wood products and forestry residues, and grain that arrives via rail from 
the Midwest.   
 
Ethanol production from cellulosic biomass appears to be an expensive undertaking.  
Like electricity production from biomass, ethanol production from biomass residue 
resources will provide valuable environmental services that are not compensated in the 
commercial marketplace.  This is a fertile area for public policy to address.  Public 
support for the enterprise, both in terms of R&D and commercialization support to move 
the technology for ethanol production from cellulose into the marketplace, and some 
form of compensation for the environmental services and oil displacement benefits 
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provided by converting wasted residues into a beneficial product, would make an 
enormous difference in developing the country’s cellulose-to-ethanol potential. 
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Figure 1
California Biomass Power Plants, 1980-2002

 MW net  

0-15
15-30
30-60

     operating
     idle
     dismantled

Facility Codes from
Table



 

Figure 2:  California Biomass Power Capacity
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Figure 3

 Wholesale Electricity Prices in California, 1996 - 2002
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Figure 4
Cost of Ethanol Production
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Figure 7

 Capital Cost Sensitivity 
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Figure 8

 Operating Cost Sensitivity 
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Figure 9 
 

 
 



Figure 10 
 

 
 



Table 1 
Worksheets in Pro Forma Engineering / Financial Model 
 
 
PF Comb: Combined Pro Forma financial statement for the power and ethanol 

production operations. 
 
PF Cogen: Pro Forma financial statement for the cogeneration operation.   
 
PF Etoh: Pro Forma financial statement for the ethanol production operation. 
 
Capital: Statement of capital accounts for both the cogeneration and ethanol 

production operations.  Input data relating to capital costs, financing terms, 
and depreciation are entered on this page.  Some of the key financial results 
for a model run are presented on this page. 

 
Scenarios: This page shows a series of inflation factors used in the model for out-year 

calculations.  All of the series are input in this page, and can be manipulated 
in a variety of ways. 

 
Ops Power: This page presents the operating specifications and cost factors for the 

cogeneration facility for periods when the ethanol facility is not operational 
(e.g., during the planning and development of the ethanol facility).  A variety 
of operating parameters and unit costs are entered on this page. 

 
Ops Comb: This page presents the operating specifications and cost factors for the 

cogeneration facility for periods when the ethanol facility is operational.  A 
variety of operating parameters and unit costs are entered on this page. 

 
O&M: This page is used for inputs and calculations relating to the operations of both 

the power production and the ethanol production facilities. 
 
Labor: This page is used for inputs and calculations relating to the labor component 

of operations for both enterprises. 
 
Biomass: This page is used for inputs and calculations relating to the biomass use 

component of operations for both enterprises. 
 
E-20: This page is used to calculate the retail electric rate component pertaining to 

the purchase of electricity by the ethanol production enterprise.  PG&E tariff 
schedule E-20 is entered on this page. 

 
Ht Bal: This page is used to calculate the boiler fuel requirement for the cogeneration 

facility under a variety of operating conditions.  Various inputs are entered 
on this page. 

 



 

Table 2
Specifications for Co-Located Ethanol Production Facilities

base optimistic base optimistic base optimistic base optimistic

Feedstock use bdt/yr 180,000      180,000      360,000      360,000      180,000      180,000      360,000      360,000      

Ethanol Production gal/bdt 51.5            60.0            51.5            60.0            71.6            75.1            71.6            75.1            

Ethanol production mil.gal/yr 9.3              11.8            18.6            23.6            12.9            13.6            25.8            27.2            

Electric use kW 2,500          4,063          4,730          8,125          2,980          2,906          5,410          4,954          

HP steam use lb/h 42,500        41,250        85,090        82,500        41,540        14,725        82,760        29,450        

LP steam use lb/h 30,240        30,315        61,190        60,625        45,970        60,000        92,240        121,000      

Lignin Production dry ton/bdt 0.70            0.52            0.70            0.52            0.55            0.64            0.55            0.64            

Lignin Production dry ton/yr 126,500      102,000      253,000      204,000      98,100        115,700      196,200      231,400      

lignin moisture % 55% 50% 55% 50% 50% 50% 50% 50%

lignin heat value btu/dry lb 8,580          10,043        8,580          10,043        8,775          7,588          8,775          7,589          

Digester Gas mmbtu/hr 4.0              32.5            8.0              65.0            18.0            4.0              36.0            7.0              

Labor # full-time 28.0            44.0            35.0            68.0            28.0            28.0            35.0            35.0            

EPC Cost m$s 37.0            48.1            60.0            72.9            49.0            47.7            80.0            73.4            

Capital Cost mil.$s 44.0            56.5            69.9            84.4            57.5            56.0            92.3            85.0            

O&M Cost mil.$s/yr 8.7              9.9              15.4            17.3            10.0            9.1              17.9            15.7            

Ethanol Price $/gal 1.80            1.67            1.56            1.40            1.58            1.43            1.36            1.19            

November 19, 2002

Dilute Acid Hydrolysis Enzymatic Hydrolysis
550 bdt/d 1100 bdt/d 550 bdt/d 1100 bdt/d



Table 3

Defined Biomass Reference Plants

25 MW 50 MW

Rated Output kW 25,000                 50,000                 
Capacity Factor 90% 90%
Fuel Use bdt/yr 180,000               360,000               
Boiler Output lb/hr 260,000               510,000               

Labor # Full Time 30                        48                        

Capital Cost (new) mil.$s 45                        70                        
O&M Cost mil.$/yr 4.4                       6.8                       



 

Pro Forma Statement, Cogeneration Facility Table 4
(all values in thousands of Dollars, except as noted)
25 MW Biomass Plant base case, SO#4, 5 year fixed option, then SRAC

Revenues 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Off-Site Sales of Electricity 10,561        16,069        16,069        16,069        14,366        12,735        12,808        12,881        12,955        13,030        13,105        
AB 995 Supplement 245             294             294             294             1,138          1,981          1,981          1,981          1,981          1,981          1,981          
Electricity to Ethanol -             -             -             -             -             -             -             -             -             -             -             
Steam to Ethanol -             -             -             -             -             -             -             -             -             -             -             

Total Revenues 10,806        16,363        16,363        16,363        15,504        14,717        14,789        14,862        14,936        15,011        15,086        

Expenses

Fuel 3,247          5,477          5,518          5,560          5,602          5,644          5,686          5,729          5,772          5,815          5,858          
Personnel 1,147          2,006          2,046          2,087          2,129          2,172          2,215          2,259          2,305          2,351          2,398          
Operations & Maintenance 1,158          2,025          2,065          2,106          2,149          2,192          2,235          2,280          2,326          2,372          2,420          
Taxes, G & A 248             434             442             451             460             469             479             488             498             508             518             

Total Expenses 5,801          9,942          10,072        10,205        10,339        10,476        10,615        10,756        10,900        11,046        11,194        

Operating Margin 5,006          6,422          6,291          6,159          5,165          4,240          4,174          4,106          4,036          3,965          3,893          

Capital Accounts

Payments of Principal 996             2,145          2,368          2,614          2,885          3,185          3,515          1,892          -             -             -             
Interest Payments 968             1,782          1,559          1,313          1,042          742             412             71               -             -             -             
Depreciation 3,370          5,857          4,332          3,220          2,409          2,280          2,223          1,411          599             599             369             

Coverage Ratio 2.55                1.64                1.60                1.57                1.32                1.08                1.06                2.09                NA NA NA

Cash Flows

Taxable Income 668             -             -             809             1,714          1,218          1,539          2,624          3,438          3,367          3,523          
Pre-Tax Cash Flow 3,042          2,495          2,364          2,232          1,238          314             247             2,143          4,036          3,965          3,893          
Income Tax 200             -             -             243             514             365             462             787             1,031          1,010          1,057          
After-Tax Cash Flow 2,842          2,495          2,364          1,989          724             (52)             (215)           1,355          3,005          2,955          2,836          

Balance Sheet

Assets 28,000        26,600        25,200        23,800        22,400        21,000        19,600        18,200        16,800        15,400        14,000        
Liabilities 18,604        16,459        14,091        11,477        8,592          5,407          1,892          (0)               (0)               (0)               (0)               
Distributions -8400 2,842          2,495          2,364          1,989          724             -             -             1,355          3,005          2,955          2,836          



 

Pro Forma Statement, Cogeneration Facility Table 5
(all values in thousands of Dollars, except as noted)
25 MW Biomass Plant base case, CPA Contract @ 6.56 ¢/kWh

Revenues 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Off-Site Sales of Electricity 8,021          13,128        13,260        13,392        13,526        13,661        13,798        13,936        14,075        14,216        
AB 995 Supplement -             -             -             -             -             -             -             -             -             -             
Electricity to Ethanol -             -             -             -             -             -             -             -             -             -             
Steam to Ethanol -             -             -             -             -             -             -             -             -             -             

Total Revenues 8,021          13,128        13,260        13,392        13,526        13,661        13,798        13,936        14,075        14,216        

Expenses

Fuel 3,247          5,477          5,518          5,560          5,602          5,644          5,686          5,729          5,772          5,815          
Personnel 1,147          2,006          2,046          2,087          2,129          2,172          2,215          2,259          2,305          2,351          
Operations & Maintenance 1,158          2,025          2,065          2,106          2,149          2,192          2,235          2,280          2,326          2,372          
Taxes, G & A 248             434             442             451             460             469             479             488             498             508             

Total Expenses 5,801          9,942          10,072        10,205        10,339        10,476        10,615        10,756        10,900        11,046        

Operating Margin 2,220          3,186          3,187          3,188          3,187          3,185          3,183          3,180          3,176          3,170          

Capital Accounts

Payments of Principal 996             2,145          2,368          2,614          2,885          3,185          3,515          1,892          -             -             
Interest Payments 968             1,782          1,559          1,313          1,042          742             412             71               -             -             
Depreciation 3,370          5,857          4,332          3,220          2,409          2,280          2,223          1,411          599             599             

Coverage Ratio 1.13                0.81                0.81                0.81                0.81                0.81                0.81                1.62                NA NA

Cash Flows

Taxable Income -             -             -             -             -             -             -             -             -             -             
Pre-Tax Cash Flow 257             (740)           (739)           (739)           (740)           (742)           (744)           1,216          3,176          3,170          
Income Tax -             -             -             -             -             -             -             -             -             -             
After-Tax Cash Flow 257             (740)           (739)           (739)           (740)           (742)           (744)           1,216          3,176          3,170          

Balance Sheet

Assets 28,000        26,600        25,200        23,800        22,400        21,000        19,600        18,200        16,800        15,400        
Liabilities 18,604        16,459        14,091        11,477        8,592          5,407          1,892          (0)               (0)               (0)               
Distributions -8400 257             -             -             -             -             -             -             1,216          3,176          3,170          



 

Pro Forma Statement, Cogeneration Facility Table 6
(all values in thousands of Dollars, except as noted)
50 MW Biomass Plant base case, SO#4, 5 year fixed option, then SRAC

Revenues 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Off-Site Sales of Electricity 17,653   32,139   32,139   32,139   28,733   25,471   25,616   25,762   25,910   26,059   26,210   
AB 995 Supplement 392        588        588        588        2,276     3,963     3,963     3,963     3,963     3,963     3,963     
Electricity to Ethanol -        -        -        -        -        -        -        -        -        -        -        
Steam to Ethanol -        -        -        -        -        -        -        -        -        -        -        

Total Revenues 18,045   32,727   32,727   32,727   31,008   29,433   29,578   29,725   29,873   30,022   30,173   

Expenses
Fuel 5,905     11,681   11,769   11,857   11,946   12,035   12,126   12,216   12,308   12,400   12,493   
Personnel 1,796     3,140     3,203     3,267     3,332     3,399     3,467     3,536     3,607     3,679     3,753     
Operations & Maintenance 1,823     3,188     3,251     3,316     3,383     3,450     3,519     3,590     3,661     3,735     3,809     
Taxes, G & A 365        638        650        663        677        690        704        718        732        747        762        

Total Expenses 9,889     18,646   18,873   19,103   19,337   19,575   19,816   20,061   20,309   20,561   20,818   

Operating Margin 8,156     14,081   13,854   13,624   11,671   9,859     9,763     9,664     9,564     9,461     9,355     

Capital Accounts
Payments of Principal 1,600     3,448     3,806     4,201     4,637     5,118     5,650     3,041     -        -        -        
Interest Payments 1,555     2,863     2,505     2,110     1,674     1,193     662        115        -        -        -        
Depreciation 5,416     9,413     6,962     5,176     3,872     3,665     3,573     2,268     962        962        594        

Coverage Ratio 2.58          2.23          2.20          2.16          1.85          1.56          1.55          3.06          NA NA NA

Cash Flows
Taxable Income 1,185     1,804     4,387     6,338     6,125     5,001     5,528     7,282     8,601     8,498     8,762     
Pre-Tax Cash Flow 5,001     7,770     7,543     7,313     5,360     3,547     3,451     6,509     9,564     9,461     9,355     
Income Tax 356        541        1,316     1,901     1,837     1,500     1,658     2,185     2,580     2,550     2,629     
After-Tax Cash Flow 4,645     7,229     6,227     5,411     3,523     2,047     1,793     4,324     6,983     6,911     6,727     

Balance Sheet
Assets 45,000   42,750   40,500   38,250   36,000   33,750   31,500   29,250   27,000   24,750   22,500   
Liabilities 29,900   26,452   22,646   18,446   13,809   8,691     3,041     0            0            0            0            
Distributions 4,645     7,229     6,227     5,411     3,523     2,047     1,793     4,324     6,983     6,911     6,727     



 

Pro Forma Statement, Cogeneration Facility Table 7
(all values in thousands of Dollars, except as noted)
50 MW Biomass Plant base case, CPA Contract @ 6.56 ¢/kWh

Revenues 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Off-Site Sales of Electricity 16,409   26,271   26,534   26,799   27,067   27,338   27,612   27,888   28,167   28,448   28,733   
AB 995 Supplement -        -        -        -        -        -        -        -        -        -        -        
Electricity to Ethanol -        -        -        -        -        -        -        -        -        -        -        
Steam to Ethanol -        -        -        -        -        -        -        -        -        -        -        

Total Revenues 16,409   26,271   26,534   26,799   27,067   27,338   27,612   27,888   28,167   28,448   28,733   

Expenses
Fuel 6,925     11,681   11,769   11,857   11,946   12,035   12,126   12,216   12,308   12,400   12,493   
Personnel 1,796     3,140     3,203     3,267     3,332     3,399     3,467     3,536     3,607     3,679     3,753     
Operations & Maintenance 1,823     3,188     3,251     3,316     3,383     3,450     3,519     3,590     3,661     3,735     3,809     
Taxes, G & A 365        638        650        663        677        690        704        718        732        747        762        

Total Expenses 10,909   18,646   18,873   19,103   19,337   19,575   19,816   20,061   20,309   20,561   20,818   

Operating Margin 5,500     7,625     7,661     7,696     7,730     7,763     7,796     7,827     7,857     7,887     7,915     

Capital Accounts
Payments of Principal 1,600     3,448     3,806     4,201     4,637     5,118     5,650     3,041     -        -        -        
Interest Payments 1,555     2,863     2,505     2,110     1,674     1,193     662        115        -        -        -        
Depreciation 5,416     9,413     6,962     5,176     3,872     3,665     3,573     2,268     962        962        594        

Coverage Ratio 1.74          1.21          1.21          1.22          1.22          1.23          1.24          2.48          NA NA NA

Cash Flows
Taxable Income -        -        -        -        -        -        1,132     5,445     6,895     6,925     7,321     
Pre-Tax Cash Flow 2,344     1,314     1,350     1,385     1,419     1,452     1,485     4,672     7,857     7,887     7,915     
Income Tax -        -        -        -        -        -        340        1,634     2,069     2,077     2,196     
After-Tax Cash Flow 2,344     1,314     1,350     1,385     1,419     1,452     1,145     3,038     5,789     5,809     5,719     

Balance Sheet
Assets 45,000   42,750   40,500   38,250   36,000   33,750   31,500   29,250   27,000   24,750   22,500   
Liabilities 29,900   26,452   22,646   18,446   13,809   8,691     3,041     -        -        -        -        
Distributions 2,344     1,314     1,350     1,385     1,419     1,452     1,145     3,038     5,789     5,809     5,719     



Table 8
Co-Location of 550 bdt/d Ethanol @ 25 MW Cogen

Base Optimistic Base Optimistic
Cogen Only

Biomass bdt/yr 178,500      178,500      178,500      178,500      
Grid Sales kW 25,000        25,000        25,000        25,000        

Cogen Op. Mar. 2005 th.$s SO#4 6,159          6,159          6,159          6,159          
Cogen Op. Mar. 2005 th.$s CPA 3,188          3,188          3,188          3,188          

Combined Operation

Total Biomass bdt/yr 236,000      230,000      247,200      259,900      
Net Electric kW 20,100        20,200        19,300        20,400        

Lignin Fuel to Boiler bdt/yr 127,100      103,000      99,000        116,000      
Biomass Fuel to Boiler bdt/yr 54,600        31,900        65,600        78,300        
Grid Sales kW 17,600        16,100        16,300        17,500        

Change in 2005 Op.Mar. for Cogen (th.$s)

Cogen with SO#4, no overfire, 45/15 267             803             382             318             
Cogen with SO#4, 10% overfire, 45/15 927             1,282          878             963             
Cogen with SO#4, 10% overfire, 15/5 509             1,069          608             572             

Cogen with CPA, no overfire 754             1,519          1,021          838             
Cogen with CPA, 10% overfire 960             1,725          1,227          1,042          

Change in 2005 Op.Mar. for Cogen with Rice Straw Feedstock (th.$s)

Cogen with SO#4, no overfire, 45/15 1,292          1,790          1,387          1,361          
Cogen with SO#4, 10% overfire, 45/15 1,962          2,280          1,893          2,017          
Cogen with SO#4, 10% overfire, 15/5 1,545          2,065          1,624          1,626          

Cogen with CPA, no overfire 1,779          2,507          2,027          1,882          
Cogen with CPA, 10% overfire 1,994          2,722          2,241          2,097          

Required Price for Ethanol $/gal

Wood Residue Feedstock 1.89            1.76            1.66            1.51            
Rice Straw Feedstock 1.78            1.67            1.58            1.42            

Acid Enzyme



Table 9

Defined Coal Reference Plant

Rated Output kW 300,000                                    
Capacity Factor 80%
Boiler Output lb/hr 2,185,000                                 
Product Value ¢/kWh 2.5                                            

Coal Use ton/yr 900,000                                    
Coal $/mmbtu 1.00                                          
Coal $/ton 22.00                                        

Biomass $/bdt 
First 225,000 bdt/y 22.50                                        
Additional bdt/y 36.00                                        

Labor # Full Time 115                                           

Capital Cost (new) mil.$s 330                                           
O&M Cost mil.$/yr 14.3                                          



 

Pro Forma Statement, Cogeneration Facility Table 10
(all values in thousands of Dollars, except as noted)
300 MW Coal Plant base case, 2.5 ¢ average wholesale price

Revenues 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Off-Site Sales of Electricity 31,870   53,080   53,611   54,147   54,689   55,236   55,788   56,346   56,909   57,479   58,053   
AB 995 Supplement -        -        -        -        -        -        -        -        -        -        -        
Electricity to Ethanol -        -        -        -        -        -        -        -        -        -        -        
Steam to Ethanol -        -        -        -        -        -        -        -        -        -        -        

Total Revenues 31,870   53,080   53,611   54,147   54,689   55,236   55,788   56,346   56,909   57,479   58,053   

Expenses
Fuel 12,654   21,778   21,942   22,106   22,272   22,439   22,607   22,777   22,948   23,120   23,293   
Personnel 4,117     7,199     7,343     7,489     7,639     7,792     7,948     8,107     8,269     8,434     8,603     
Operations & Maintenance 3,558     6,222     6,346     6,473     6,603     6,735     6,870     7,007     7,147     7,290     7,436     
Taxes, G & A 525        918        936        955        974        994        1,014     1,034     1,054     1,076     1,097     

Total Expenses 20,854   36,117   36,567   37,024   37,488   37,960   38,438   38,925   39,418   39,920   40,429   

Operating Margin 11,016   16,964   17,044   17,123   17,201   17,276   17,350   17,421   17,491   17,559   17,624   

Capital Accounts
Payments of Principal 3,201     6,895     7,611     8,401     9,274     10,236   11,299   6,082     -        -        -        
Interest Payments 3,110     5,727     5,011     4,221     3,349     2,386     1,323     229        -        -        -        
Depreciation 10,832   18,827   13,923   10,351   7,745     7,330     7,146     4,535     1,925     1,925     1,187     

Coverage Ratio 1.75          1.34          1.35          1.36          1.36          1.37          1.37          2.76          NA NA NA

Cash Flows
Taxable Income -        -        -        -        -        3,813     8,881     12,657   15,567   15,634   16,437   
Pre-Tax Cash Flow 4,705     4,341     4,422     4,501     4,578     4,654     4,728     11,110   17,491   17,559   17,624   
Income Tax -        -        -        -        -        1,144     2,664     3,797     4,670     4,690     4,931     
After-Tax Cash Flow 4,705     4,341     4,422     4,501     4,578     3,510     2,063     7,313     12,821   12,868   12,693   

Balance Sheet
Assets 90,000   85,500   81,000   76,500   72,000   67,500   63,000   58,500   54,000   49,500   45,000   
Liabilities 59,799   52,904   45,293   36,891   27,617   17,381   6,082     -        -        -        -        
Distributions 4,705     4,341     4,422     4,501     4,578     3,510     2,063     7,313     12,821   12,868   12,693   



Table 11
Ethanol Co-Location @ 300 MW Coal Power Plant

Base Optimistic Base Optimistic
Cogen Only

Coal ton/yr 901,000      901,000      901,000      901,000      
Grid Sales kW 300,000      300,000      300,000      300,000      

Cogen Op. Mar. 2005 th.$s 17,123        17,123        17,123        17,123        

Combined Operation, 550 bdt/d Ethanol

Net Electric kW 294,700      294,800      293,800      295,000      
Grid Sales kW 292,200      290,800      290,800      292,100      
Ethanol Production mil. gal/yr 9.3              11.8            12.9            13.6            

Biomass Feedstock bdt/yr 181,000      197,000      181,000      181,000      
Lignin Fuel to Boiler bdt/yr 126,000      102,000      98,000        116,000      
Coal Fuel to Boiler ton/yr 838,000      821,000      842,000      852,000      
Coal Savings % 7.0% 8.9% 6.5% 5.4%

dCogen Op. Mar. 2005 th.$s, no overfire 1,362          1,979          1,929          1,469          
dCogen Op. Mar. 2005 th.$s, 10% overfire 2,103          2,719          2,669          2,210          

Required Ethanol Selling Price  $/gal 1.80            1.70            1.57            1.42            

Combined Operation, 1100 bdt/d Ethanol

Net Electric kW 289,400      289,700      287,600      290,000      
Grid Sales kW 284,700      281,600      282,200      285,000      
Ethanol Production mil. gal/yr 18.6            23.7            25.9            27.1            

Biomass Feedstock bdt/yr 361,000      394,000      361,000      361,000      
Lignin Fuel to Boiler bdt/yr 253,000      205,000      197,000      231,000      
Coal Fuel to Boiler ton/yr 750,000      740,000      782,000      802,000      
Coal Savings % 16.8% 17.9% 13.2% 11.0%

dCogen Op. Mar. 2005 th.$s, no overfire 2,884          3,973          3,758          2,793          
dCogen Op. Mar. 2005 th.$s, 10% overfire 3,624          4,712          4,497          3,532          

Required Ethanol Selling Price  $/gal 1.62            1.41            1.42            1.25            

Acid Enzyme
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